Introduction
According to the Canadian cancer statistics for 2013, breast cancer (BC) is the most common cancer and the second leading cause of death from cancer among Canadian women. It is estimated that 23,800 women in Canada will be diagnosed with BC, representing 26% of all new BC cases in women in 2013.
1 Approximately 6%-10% of patients with BC have metastatic disease at the time of initial diagnosis, and 20%-30% of patients diagnosed with early-stage BC will eventually develop recurrent or metastatic disease. 2, 3 Metastatic breast cancer (MBC) remains incurable, and its management is palliative despite the extensive research in this field and emergence of novel therapies. In 90% of MBC patients, treatment failure is attributed to resistance to chemotherapeutic agents. 4 The use of newer chemotherapeutic regimens in clinical submit your manuscript | www.dovepress.com
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Tedeschi et al practice has only modestly impacted survival outcomes. Although several therapeutic options are available for MBC, including endocrine treatment, chemotherapy, radiotherapy, biologic treatment, alone or in combination, the preferred treatment consists of anthracycline-containing and/or taxanecontaining regimens. However, increasingly more patients are receiving anthracycline-containing and/or taxane-containing regimens as adjuvant therapy, restricting this option in the metastatic setting. There is currently no established standard of care for MBC and the prognosis remains poor. 4 Various monotherapy and combination regimens have been evaluated in MBC patients, including capecitabine.
Capecitabine (Xeloda ® ), is an orally bioavailable fluoropyrimidine carbamate approved in Canada for advanced BC or MBC as a monotherapy or combination therapy with lapatinib after failure of a prior anthracycline/taxane regimen. 5 Capecitabine is converted to an active antineoplastic agent preferentially in tumor cells through a process requiring the thymidine phosphorylase (TP) enzyme, reason for which it has been postulated that TP expression might be an important determinant of efficacy and clinical outcome of fluoropyrimidine therapy. [6] [7] [8] [9] Capecitabine chemotherapy represents an attractive alternative to standard 5-fluorouracil-based therapy since it is given orally, has a better safety profile, and increases efficacy through selective activation at the tumor site. Although the TP enzyme is detected in both healthy and tumor tissue, its intratumoral expression has been reported to be three-fold to ten-fold higher, allowing for selective activation of capecitabine within tumor cells. The TP enzyme is expressed in tumor cells and in tumorassociated stromal cells. 10 Expression of TP by stromal cells (ie, fibroblasts, macrophages, and lymphocytes) was found to be implicated in tumor neovascularization. TP expression has been shown to be highly variable among the different types of cancer. 11 As depicted in Figure 1 , the conversion of capecitabine to 5-fluorouracil is mediated by several enzymes, including hepatic carboxylesterase, cytidine deaminase, and TP. 12 The TP enzyme plays an integral role in tumor angiogenesis, tumorigenicity, metastasis, and invasion. [12] [13] [14] [15] TP is upregulated in both invasive lobular and ductal carcinoma (ILC/IDC). 16, 17 Moreover, TP expression has also been implicated in the development and progression of invasive BC. 15 The presence and overexpression of TP in ductal carcinoma in situ (DCIS) has been reported. However, there was no significant correlation between TP expression and disease recurrence following treatment. 18 Although one may expect an increase in TP expression in both IDC and DCIS, clinical studies reveal conflicting results. [18] [19] [20] [21] TP expression in tumor tissue is regulated by the tumor microenvironment (hypoxia, acidosis) which correlates significantly with microvessel density and a poor prognosis. 22 TP is upregulated by stress such as hypoxia, hypoglycemia, radiation, and chemotherapeutic damage. 23 Chemotherapeutic agents such as anthracycline, taxane, cyclophosphamide, and platinum compounds have been shown to upregulate TP. We and others have shown that inhibition of the epidermal growth factor receptor with the clinical drug gefitinib leads to an increase in TP levels in BC cells. [25] [26] [27] It has also been demonstrated that high tumoral TP activity may serve as an indicator of response to fluoropyrimidine therapies. 28 Due to the contradictory role of TP reported in the literature, targeting TP as a rationale for anticancer therapy or establishing its use as a biomarker remains unclear. Inhibitors of the TP enzyme are being synthesized as an attempt to fight invasion and angiogenesis. Promising novel therapeutic strategies being implemented in the adjuvant/neoadjuvant and metastatic setting induce an increase in intratumoral TP. As a result, it is difficult to predict the role of TP in patients exposed to fluoropyrimidine therapies. 29 Although in several types of cancer, such as head and neck cancer, 30 colorectal cancer, 31 and advanced gastric cancers, 32,33 tumoral TP expression has been shown to predict response to capecitabine therapy, most studies in advanced BC examining the predictive value of TP to capecitabine therapy have produced mixed results. 21, [34] [35] [36] [37] The purpose of this retrospective pilot study was to assess if tumoral TP expression in both the invasive and in situ components in 18 patients with locally advanced or MBC correlates with therapeutic benefit from a capecitabine-based chemotherapy. These data will help us to establish the role of tumoral TP expression as a predictive biomarker for the response to capecitabine in patients with locally advanced BC or MBC.
Patients and methods
Patient eligibility
This retrospective pilot study was conducted at the McGill University Health Center, Department of Medicine, Division of Medical Oncology. The protocol was approved by the University Research Institute scientific review committee and Biomedical A Research ethics board. All patients who participated in the study provided written informed consent. The data were retrospectively selected based on the following criteria: locally advanced BC (stage III) or MBC (stage IV), treatment with a capecitabine-based chemotherapeutic regimen and completion of at least one cycle of capecitabine chemotherapy, and had a prior history of treatment with anthracycline or taxane therapy.
Treatment regimens
Patients received a capecitabine-based chemotherapy regimen when they progressed from prior therapies. Capecitabine was given orally at a dose of 1,000 mg/m 2 twice daily for 2 weeks with a 1-week rest period. Treatment was discontinued due to disease progression or unacceptable toxicity, adverse events, or patient/physician's decision.
Tumor response evaluation
The outcome of capecitabine therapy was evaluated by determining time to progression (TTP, assessed clinically or by imaging), defined as the time between starting therapy with capecitabine and disease progression or discontinuation of therapy by patient due to adverse events.
immunohistochemical evaluation of TP and Ki67
Most of the histologic information used in the analysis was directly retrieved from the original pathology reports. The immunohistochemistry for estrogen receptor (ER) and progesterone receptor (PR) status, human epidermal growth factor receptor-2 (HER2) status, proliferating (Ki67) activity, and TP expression was carried out on formalin-fixed, paraffin-embedded samples of the primary excised tumor or, if not available, of the metastatic lesions. Immunostaining of the prognostic markers was accomplished using the following primary antibodies: ER status was tested using the Ventana Confirm anti-ER (SP1) rabbit monoclonal antibody; PR status was tested using the Ventana Confirm anti-PR (1E2) rabbit monoclonal antibody; HER2 status was tested using the Ventana Pathway anti-HER2/neu (4B5) rabbit monoclonal antibody; Ki67 labeling index was tested using the Ventana Confirm anti-Ki67 (30-9) rabbit monoclonal antibody; and TP expression was tested using the Novocastra™ lyophilized mouse monoclonal antibody platelet-derived endothelial growth factor (Leica Biosystems, Nussloch, Germany). Staining was performed using a Ventana XT automated (Ventana Medical Systems Inc., Roche, Tuscon, AZ, USA) slide stainer.
The ER and PR results were reported as the proportion of positively stained tumor cells, ranging from 0% to 100%. ER and PR were positive when 1% of tumor cells showed positive nuclear staining. 38 The HER2 expression level was scored based on the membrane staining intensity and percentage of positive cells on a scale of 0 to 3+ in accordance with the guidelines published by Sauter et al. 39 A negative HER2 included a score of 0 and +1. A positive HER2 included a score of +3. For a score of +2 to be considered positive, a fluorescent in situ hybridization analysis was required to show a ratio of more than 2.2. 
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Tedeschi et al tissue, and three metastatic lesions) and reported as a mixed nuclear/cytoplasmic ratio. For primary breast lesions, TP staining intensities were determined for both the invasive (ILC/IDC) and in situ (lobular carcinoma in situ/DCIS) components. Stromal TP intensities were not evaluated. Expression of the TP protein was correlated with BC type, ER and PR status, HER2 status, Ki67, and TTP. Staining intensities of TP in carcinoma cells was evaluated by three different pathologists, blinded to the tumor clinicopathologic data. The intensity of cytoplasmic and nuclear staining was categorized into 0, 1, 2, or 3, denoting 0 (no), +1 (weak), +2 (moderate), and +3 (strong) staining, respectively. The staining of normal mammary ductal epithelial cells was used as the internal control for moderate intensity as depicted in Figure 2A . The TP expression level for each case was defined as positive if the predominant intensity was 2 or 3, and as negative if the predominant intensity was 0 or 1. 41 At least 10% of tumor cells had to be +2 or +3 in order to be defined as positive. As the material comprised a mixture of excision and biopsy material, a quantitative measurement was not performed. Representative images of moderate, weak, and no TP staining in DCIS and invasive carcinoma are depicted in Figure 2B -G.
The Ki67 score was defined as the percentage of the total number of 200 tumor cells with nuclear immunohistochemical staining positive for Ki67. In sections stained for Ki67, the area with the highest fraction of Ki67-stained cells was chosen using a 10× objective magnification. A 40× objective was used to count arbitrarily the fraction of Ki67+-positive cells among 200 cancer cells. 42 A positive tissue control was run with every staining procedure performed. The evaluations were made by a pathologist. Ki67 expression was scored as low and high, respectively, if 14% and 14% of the tumor cells showed positive nuclear staining for Ki67 ( Figure 2H ). 43 
statistical analysis
All analyses were performed using GraphPad software (GraphPad Software Inc., San Diego, CA, USA). The significance of differences in the means was determined by an unpaired, two-tailed t-test. Means were considered to be statistically significant when P-values were less than 0.05.
Results
Eighteen female patients were included in this study, with a median age of 56 (range 41-83) years. All patients received capecitabine, and the characteristics of the 18 patients are presented in Table 1 . The majority of pathologic specimens used for TP staining were surgical biopsies. Three pathologic specimens were metastatic lesions, two were liver core biopsies, and the third was a chest wall tumor excision; immunohistochemistry was done on tumor cells from all three patients. The TP score was 0 for these three patients. Of the two patients with liver biopsies, one had a long survival and is still alive, and the other had a short TTP of 6 months. Bioactivation of capecitabine is not affected in patients with hepatic insufficiency. The third patient had an excisional biopsy from the chest wall, with a TP score of 0, a lobular cancer subtype, and had a long TTP.
All but three patients had IDC, and all but one were stage IV. Of the 18 patients, eleven did not have lobular carcinoma in situ or DCIS. Of the seven patients with DCIS, five were TP-positive (grade 2) and two were TP-negative (grade 0 and 1). Of the 18 patients, only two stained positive for TP (grade 2) on the invasive tumor (IDC). Both these patients were ER-negative. None of the patients were grade 3. There was no correlation between TP positivity and Ki67 expression, but all HER2-positive patients had high Ki67.
Of the 15 patients with IDC, six were ER-negative and nine were ER-positive. Four patients had tumors with low Ki67 expression (14%) whereas the other 14 patients had high Ki67 (14%). Among the 18 patients treated with capecitabine, four had to discontinue due to intolerance. The most common reported adverse events attributable to capecitabine chemotherapy were gastrointestinal (ie, diarrhea, nausea/vomiting) and dermatologic (ie, palmarplantar erythrodysesthesia).
None of the three patients with ILC had positive TP staining, and two had high and one had low Ki67 expression. All were ER-positive, PR-positive, and HER2-negative (Table 1) . Their TTP ranged from 6 to more than 33 months (Table 2) .
Of the six patients with ER-negative tumors (Table 2) , four expressed TP-negative staining (two grade 0 and two grade +1) and two stained positive for TP (grade +2). Five of the six patients expressed high levels of Ki67 (14%). The DCIS component was present in three of the six patients, with two patients expressing moderate staining for TP in both IDC and correspondent DCIS sample. TTP in the six ER-negative patients ranged between 2 and 15 months, with a median TTP of 7.5 months.
In correlating TP expression with ER, PR, and HER2 status, our data showed that four patients had triple-negative breast cancer (TNBC). Two of these patients were positive for TP (grade +2) and two had some TP activity (grade +1). The two patients with ER/PR-negative/HER2-positive tumors were negative for TP (grade 0). 
Notes:
1,2 TP intensity of cytoplasmic and nuclear staining was categorized into 0, 1, 2, or 3, denoting 0 (no), 1 (weak), 2 (moderate), and 3 (strong) staining, respectively. The lcis component was not present in any of the specimens. Abbreviations: Bc, breast cancer; Dcis, ductal carcinoma in situ; er, estrogen receptor; Pr, progesterone receptor; ilc, invasive lobular carcinoma; iDc, invasive ductal carcinoma; TTP, time to progression; TP, thymidine phosphorylase; n/a, not available.
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The ER-positive tumor group (Table 2 ) included a total of 12 patients, of whom four discontinued due to intolerance of capecitabine and all had negative TP staining in the invasive component. Two of the eight patients who tolerated capecitabine had DCIS present and stained positive for TP (grade 2). All eight patients who tolerated capecitabine were negative for TP staining. Two of the eight patients were HER2-positive and ER/PR-positive. Seven of the eight patients had a high Ki67 proliferative index. The TTP of these eight patients ranged from 2 to 36 months, with a median TTP of 13 months.
In the ER-positive group, two patients were ER-positive/ HER2-positive and five were ER-positive/HER2-negative. All seven patients were TP-negative (grade 0). Only one ER-positive patient did not have HER2-status reported and is the only patient with some TP staining (grade +1).
Out of the 14 ER-positive/negative patients who did not discontinue treatment due to side effects, none had lobular carcinoma in situ and five had a DCIS component present. Four of the five DCIS patients were TP-positive (grade 2) and all had a TTP ranging from 7 to 19 months compared with the one DCIS-TP-negative patient who had a TTP of 2 months. The two IDC patients positive for TP (grade +2) were also TP-positive in DCIS (grade +2) and both had a TTP of 9 months.
Overall, for these 18 patients, there was no significant correlation between TP positivity and response to capecitabine as measured by TTP. The two patients with a TTP longer than 30 months were both TP-negative, ER/PR-positive, HER2-negative, had a low Ki67, and displayed an ILC subtype. The ER-negative group had a more significant correlation with TP positivity (Table 2 ) but this did not translate into therapeutic benefit.
Discussion
The era of personalized medicine is escalating due to the progress made in understanding tumor biology and molecular phenotypes in BC. This has led to identification of new biomarkers that allow patients to receive personalized treatments. Apart from tumor size, axillary lymph node status, tumor grade Ki67, and ER, PR, and HER2 status, there are no other biomarkers predictive of the response to chemotherapy. [44] [45] [46] [47] The TP enzyme has been extensively investigated in order to determine its role as a biomarker in predicting the response to capecitabine therapy in patients with locally advanced BC or MBC. In our study, among all the variables considered, a correlation was observed between ER-positive/negative tumors and TP status. We observed a significant correlation of TP positivity in the invasive component of ER-negative tumors when compared with ER-positive tumors (P0.05). This is corroborated by other investigators who also found that TP expression was significantly higher in ER-negative tumors. 16, 17, 48 The DCIS component in both ER-positive/negative patients correlated with TP positivity; however, a statistically significant correlation could not be established since it was not present in many patients in our population. In order for TP to be a useful predictive biomarker, its positivity in tumor tissue has to correlate with TTP. In this study, we found no correspondence between TP positivity in the invasive tumor and TTP in the group of capecitabine-treated patients. However, ER-positive/negative patients staining positive for TP in the DCIS component had better TTP (7-19 months) when compared with the one TP-negative patient with DCIS who had a TTP of 2 months. Given the critical role of the TP enzyme in the activation of capecitabine, one would expect patients with stronger staining for TP to respond better to treatment with capecitabine.
Our data, however, are consistent with the literature, since clinical studies designed to assess the levels of TP in DCIS and IDC have yielded mixed results. [15] [16] [17] [18] Some studies suggest that TP has angiogenic effects in breast carcinoma whereas others indicate that TP has a minimal role in tumor angiogenesis. 7, 15, 16, 18, 20, 21 In addition, in a study conducted by Erkus et al 19 TP staining in both DCIS and IDC did not correlate with the conventional prognostic markers, ie, age, tumor diameter, lymph node, ER, PR, HER2, P53, and Ki67 status, and tumor grade. Likewise, in our study, we did not see an association between TP staining intensities and Ki67.
The median TTP in patients with ER-positive and ER-negative tumors was estimated to be 13 months and 7.5 months, respectively, indicating a trend for patients with ER-positive tumors to have a longer TTP than those with ER-negative tumors (P=0.14). Andreetta et al 49 also reported a statistically significant association between TTP and ER positivity, where ER-positive tumors had significantly longer TTP when compared with ER-negative tumors. Our data did suggest that patients in the ER-positive group were TP-negative (P0.05), although we could not correlate their TP status and TTP. The better outcome observed in this group could not have been influenced by a capecitabine-TP interaction. TP induces angiogenesis, and ER-negative tumors are associated with increased angiogenesis, which may explain the higher TP levels expressed in these tumors and poor outcome of therapy. 
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Tedeschi et al When TP expression was correlated in TNBC and HER2-positive tumors, our results show that triple-negative tumors had more TP activity when compared with HER2-positive tumors. Patients with TNBC had a TTP ranging from 5 to 15 months, with a median TTP of 9 months when compared with HER2-positive patients who had a TTP ranging from 2 to 6 months with a median TTP of 4 months. This result suggests that patients with TNBC might benefit from capecitabine chemotherapy more than HER2-positive patients. When considering the poor prognosis and lack of benefit of targeted therapies in TNBC patients, capecitabine would be a good therapeutic choice for TP-positive patients. In retrospect, we should have collected a larger TP-positive/ negative capecitabine-treated sample and analyze for TTP in ER-positive, ER-negative, HER2-positive, HER2-negative, and TNBC patients.
In order to have a more meaningful correlation between TP positivity and disease control on capecitabine, intratumoral dihydropyrimidine dehydrogenase (DPD) should have been evaluated as well. The DPD enzyme is involved in the catabolism of fluoropyrimidines, and an elevated tumor DPD level would result in a low TP/DPD ratio. According to the literature, high intratumoral DPD levels confer resistance to treatment, whereas its cytotoxic efficacy is improved in tumor cells expressing a high TP/DPD ratio. [50] [51] [52] [53] Further, the statistical significance of this work was affected by the small sample size due to the limited number of patients receiving capecitabine who were eligible for our retrospective singlecenter study, and the current observed trends are worth further investigation in a larger study population.
Conclusion
In this retrospective pilot study in advanced BC, TP expression in tumor tissue did not correlate with response to capecitabinebased chemotherapy. Our ER-negative patients had a higher associated positivity for TP staining and for Ki67, but their TP status did not correlate with a predictive TTP. By contrast, there was no correlation between ER-positivity and TP positivity. Consequently, the relationship between TP and ER status requires further scientific and clinical investigation.
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